This article is concerned with the recognition and dating of Holocene-age uplift events which changed relative sea-levels in the coastal zone of Crete, an island located in the active Hellenic subduction arc of the southern Aegean Sea (Fig. 1) .
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1.
SEA-LEVEL CHANGES IN CRETE
This article is concerned with the recognition and dating of Holocene-age uplift events which changed relative sea-levels in the coastal zone of Crete, an island located in the active Hellenic subduction arc of the southern Aegean Sea (Fig. 1 ).
Our specific region of interest is the area of Sphakia, which is representative of this much studied coastline, which has almost the greatest density of evidence for sealevel changes of any coastline in the whole Mediterranean. We consider the effect of recent changes in the calibration of radiocarbon ( 14 C) dates on our understanding of the history of changes in relative sea levels in the region, and their potential effect on human populations. We concentrate particularly upon the most recent of these events, which has been correlated with a major uplift affecting western Crete in later antiquity.
In southwestern Crete, a series of historic changes in relative sea level are recognizable by eight raised palaeoshoreline levels (I-VIII). Evidence for these shorelines is found all along the coast of west Crete, as a series of wave notches. At
Moni Khrysoskalitissas the sequence is particularly clear. Here, there are eight superimposed levels associated with these successive events. At other sites, while all RELATIVE SEA-LEVEL CHANGES IN CRETE SIMON PRICE, TOM HIGHAM, LUCIA NIXON and JENNIFER MOODY 2 eight sea levels are not identifiable, the depth intervals recorded between the different shoreline events are nearly constant, strongly supporting the notion that these levels form horizons which are essentially contiguous across western Crete. Table 1 records the readings of changes in sea level in Sphakia.
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These shorelines can be dated using radiocarbon analysis of the marine fauna which originally lived at the surface and which were later killed by changes in sea level. The conclusion of the analysis presented here is that a period of tectonic instability commenced around 4500 BP and lasted ca. 3500 years. 3 During this time, brief falls and occasional rises of relative sea level occurred, each with a magnitude of 10-25 cm, separated by phases of tectonic quiescence of the order of 250 years. 4 The existing consensus is that the modern sea level (Level I) was created by an event of enormous magnitude which caused an abrupt emergence of the earlier palaeoshoreline levels. A crustal block some 200 km in east-west length, including western Crete, was upwarped, while central and eastern Crete remained largely unaffected. The western end of the island was uplifted by as much as 9 m. 5 The uplift in Sphakia ranged from 7 m at Poikilasion in the west to 3.50 m at Khora Sphakion and 2 m at Agia Marina in the east. Isobases for this uplift are shown on Fig. 1 . The magnitude of this young crustal uplift is unique in the Mediterranean region, and is among the greatest historic uplift events in the world. This latest episode of relative sea-level change has previously been dated using radiocarbon to about 1530 years BP. We attempt to determine a more accurate date for this event,
arguing that it did not occur, as is usually stated, in AD 365, but in the fifth or sixth centuries AD.
In the rest of this section, we outline the recording of data for sea-level changes in west Crete, and set this in the context of recent geological and A more comprehensive study was undertaken by a French team, whose data were published in the 1970s, 10 and synthesized by Pirazzoli and others. 11 The dating done by this team was challenged as part of a major study of Mediterranean ecological history by Grove and Rackham. 12 A team of German researchers undertook further work in Crete in the late 1980s. 13 In 1988, Nemec and Postma studied the Lefka Ori piedmont, preserved between Khora Sphakion and Frangokastello, where they recognized: a) hanging
Pliocene valleys indicative of a rapid relative fall of sea level by up to 450 m, greatest to the west; b) an early Pleistocene wave-cut platform raised several metres above the sea level; and c) a bajada-like array of Pleistocene alluvial fans whose progradation involved phases of deep fan-head trenching, by up to 75 m near Khora Sphakion, indicating major episodes of relative sea-level fall.
14 The lower reaches of these alluvial fans, hardly active since the early Holocene climate change, are presently hanging a few metres above the sea, at the top of wave-cut coastal cliff. At the foot of the cliff, relicts of raised Holocene gravelly beaches are preserved in local niches.
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The sedimentology of such a raised beach, in a coastal embayment just east of Khora Sphakion, was studied by Postma and Nemec. 15 The Sphakia Survey has also made observations on relative sea-level changes at four locations in Sphakia: Agia Roumeli; Loutro; Frangokastello; and Agia Marina. 16 ( Fig. 2 ) At Agia Roumeli, on the east side of the river mouth, there is a doubly undercut cliff, ca 6 m high, which shows two raised beaches, at altitudes of 2.50 m and 6 m above sea level. On the southwest side of the Loutro peninsula we have noted raised barnacles and raised coral at heights of between 3.80 and 3.90 m.
This observation is part of the evidence that there was once a shallow-water harbour on the west side of the peninsula (Site no. 5.11, Sector IV; photographs on website, n.
16).
17
Five levels of raised shoreline are recognizable to the south and east of Agios 14 C years for use with the 1998 marine calibration curve.
27
They suggest there is no statistically significant difference between the DR value derived from Aegean Sea shells of pre-nuclear age and those measured for the seventh to eighth millennium BC. This information means that the existing data from Crete can now be corrected with increased confidence. We have therefore recalibrated the radiocarbon data associated with dates derived from Crete and Antikythira given in n. 11 for the chronology of the six main palaeoshorelines in southwest Crete, using the new DR value, and the calibration curve of Stuiver, Reimer and Braziunas (n. 25) .
(fig. 3)
The original published radiocarbon determinations were not corrected for isotopic fractionation at the time of measurement. During the passage of carbon through the different biosphere, biochemical processes fractionate the ratios of the 12 C and 14 C isotopes. Although radiocarbon laboratories now routinely correct for this fractionation, dates of marine carbonates were not always corrected, because the correction for fractionation (c. -400 yr) appeared to be approximately equal to that
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applied to account for the ocean reservoir effect (c. +400 yr). We have corrected the original radiocarbon dates (BP) by adding 430 14 C yrs to each; this being the recommended age correction for samples of marine HCO 3 and CO 3 .
28
The corresponding standard error on each radiocarbon determination was increased using:
where 20 yrs is the recommended 2.5‰ correction for isotopic fractionation. 29 We then used the Intcal98 marine calibration curve and the DR value of 58 (± 85) 14 C yrs to recalibrate each date. The calibrated results are given in Table 2 and plotted in Figure 4 .
IMPLICATIONS
The recalibrated radiocarbon dates overthrow the accepted correlations with the historical and archeological record. The latest tectonic uplift of Crete, marked by the abrupt fall of relative sea level and the establishment of the modern shoreline, was probably a single event. This event is usually said to be part of the so-called 'early Byzantine tectonic paroxysm'.
30
Those interested in the archaeology and history of this region will naturally want to tie this event in to earthquakes known elsewhere in the Eastern Mediterranean and to the settlement history of the region.
31
Until now, a major quake in AD 365 has always been invoked as the cause of the 'tectonic paroxysm'. The quake is known to have affected a wide region from South Italy, to North Africa, Cyprus and Egypt. 32 In particular there is specific, well-dated archaeological evidence from west Crete for destruction just after AD 361, which probably does date to the 365 event.
33
The problem with this 'event' is that scholars attribute to it evidence, both textual and archaeological, which in fact comes from other events years or even decades apart. 34 Such lumping of data is disastrous for
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serious study of historical seismicity as it inflates the size of the damage area and hence the size of the event. 35 Moreover, there are other earthquakes attested archaeologically and historically from the fourth to seventh centuries, some of which may have affected south-west Crete.
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In particular, there is archaeological evidence for quakes at Gortyn in AD 560, AD 620 and AD 670, and there is a report of a violent quake affecting Crete in AD 796. 37 Still other quakes known to have affected other parts of the Aegean; some of these might also have affected Crete.
So far, archaeologists and historical seismologists have thought that whatever precise date is ascribed to the creation of Level 1, the event must have been coseismic, and hence catastrophic. It might seem natural to assume that the elevation of coastline by up to 9 m must have been the result of a powerful earthquake, and hence very destructive locally, but this assumption is in fact highly questionable.
Seismologists have recently started to study relative plate movements that are not accompanied by earthquakes; such movements used to escape attention, but are now measurable because of the availability of GPS data. accompanied by earthquakes, and the rest occurs by 'creep'. 40 From this it follows that the creation of Level 1 might also have occurred without an earthquake: the evidence of fragile raised molluscs and of our statistical data alike support the idea that it was a single event, but that event could have been spread over a number of days, and might not have been accompanied by a catastrophic earthquake.
The time of this 'tectonic paroxysm' was originally estimated as 1850 BP , but was subsequently reasssessed as 1550 BP , and finally as 1530 BP (Pirazzoli 1986) . Our reanalysis of this data has first recorrected by taking account of isotopic fractionation, and second recalibrated by using the new marine reservoir DR value. This indicates a younger age for the latest Cretan uplift. The recalibrated time range bracketed by one standard deviation (68% confidence) is AD 405-615, which points to a date significantly later than the event of AD 365.
To take matters further, we have analysed the available radiocarbon data using a Bayesian approach to radiocarbon calibration. 41 The Bayesian paradigm is outlined in a number of previous publications. 42 Put simply, it involves the use of prior information as well as collected data to make inferences regarding the probability of certain events. There would appear to be considerable benefits of this approach to a discipline where relative sequences are often already known, as is the case in the Mediterranean sea level example.
At the Moni Khrysoskalitissas site, for instance, there are eight superimposed raised shorelines representing each of the eight relative sea-level events which have been identified and dated (Table 2) . Here we are interested in dating uplift events which can be cross-correlated across large distances and have well documented relative information available in the form of careful measurements by theodolite of metres above sea level and superimposition at key sites.
In essence the Bayesian method can be distilled to the following simple framework:
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Prior beliefs x Standardised likelihood = Posterior beliefs
In this statement the term 'prior beliefs' describe the belief attached to the unknown parameters before the data themselves are collected. The parameters in this case refer to the true calendar age associated with the material which has been radiocarbon dated (these are determination parameters, so there may be more than one radiocarbon determination for a specific determination parameter), or they can refer to the true age corresponding to the start or end date of a prehistoric phase of occupation (boundary parameters). A simple example of prior belief could be the relative sequencing obtained from careful stratigraphic excavation. This sequencing supports a prior belief that the upper level of an archaeological site is later in time than the lower level and that there is superimposition in the strata exposed. The 'likelihood' describes the relationship between the radiocarbon age and the true but unknown calendrical age by way of the model, which is the radiocarbon calibration curve. For a specific radiocarbon date, the likelihood will reflect how likely each value for the calendar age is along the calibration curve itself. The term 'posterior beliefs' describes the belief attached to the unknown parameters after the collection of the data.
This approach can be represented by inevitably complicated mathematics and the reader is referred to recent publications listed in the references for details. Software applications such as BCal enable the Bayesian method to be applied in a more straightforward manner. 43 BCal uses an MCMC (Markov Chain Monte Carlo) method to simulate a large number of possible scenarios which are randomly generated to take into account both the probability distributions of the calibrated radiocarbon ages themselves, and the prior beliefs which are attached to them. Posterior distributions are then produced from the simulations. It is this probabilistic evidence that we shall review and consider below.
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We developed a calibration model ( Figure 7 ) in BCal to evaluate the chronology of uplifted relative sea levels near Crete. In the model, certain mathematical symbols are used to describe these events. a n and b n represent the earliest and latest dates of the uplift event n .
Each uplift event is represented by traces left by marine corrosion on the underlying rock, or by the remains of gastropod marine organisms whose rims contribute to bioconstruction of reefs beneath the highest wave notch. In western Crete there is continuity in lateral displacement of these uplifted loci. For each identified uplifted shoreline, the radiocarbon determinations were therefore assumed to be contemporary. 44 There is evidence to support this assumption. At different sites the depth intervals recorded between the different shoreline events are consistent with the isobases mapped in Fig. 1 . Radiocarbon samples obtained from each notch are assumed to date the uplift event accurately, since the marine organisms dated would have died soon after the uplift took place. It is worthwhile pointing out that the majority of evidence strongly suggests that these phases of uplift are sudden and so the span of time represented by a n -b n is probably brief (above, n. 19). a 8 represents the temporal boundary immediately prior to the uplift, while the latest temporal boundary of this level is represented by b 8 (see Figure 7 ).
Before the analysis of the radiocarbon determinations, we hypothesized that the variation in certain radiocarbon determinations might be due to sample constituent or contamination problems.
45
We therefore ascribed a prior outlier probability of 10% to each radiocarbon determination 46 to account for potential variation due to sample constituents and possible trace recrystallisation of the sample carbonates, with the exception of MC2426 (40%), MC2279 (40%), 2276 (30%) and MC2103 (30%) for this reason. Outlier analysis is described by Christen in some detail. 47 Posterior probabilities were predominantly below the 10% prior specified, but the higher outlier determinations yielded significantly higher posterior probabilities, suggesting they
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were real outliers (these four samples are denoted by a hache [#] in Table 3 ). We therefore removed them from further analysis. In the second run of the sampler without these outliers, one determination (MC2500) yielded a slightly higher posterior probablity (16%), but the remainder suggested no outliers. (It should be noted that since this original work it has become clear that in future there is no need to remove the outliers; their effect on the posterior distribution is simply down weighted.)
The radiocarbon likelihoods for the 'sea level 1' dataset, as simulated in BCal, range between ca. AD 400-600 (Table 5 ). We also examined the group boundary parameters (a n -b n ; early and late, as illustrated in Fig. 7 ) for the determinations from this uplifted shoreline. The most likely calendar date range (or ranges) for each parameter outlined in Figure 7 are represented by highest posterior density (HPD)
regions. To determine the parameters for the uplift creating the present sea level, the HPD region for a 8 at 95%, for example, is AD 325 to AD 545, with a modal value of AD 425, which is the ealiest probable date. The modal value is the calendar age associated with the highest probability. The other parameter , which gives the latest probable date of 'sea level 1' is represented by b 8 . The age range for this parameter is AD 435 to AD 685 probability with the modal value at AD 530.
In Figure 8 , we plot the posterior probability distributions between the different sea-level parameters shown in Figure 7 to estimate the time elapsed between those events. The data associated with each figure are given in Table 4 . With the exception of a 5 -b 5 ('sea level 4'), they are unanimous in supporting a brief span of elapsed time for each dated uplifted sea level. There are at least two reasons why 'sea level 4' implies a longer span of time. The first is that the radiocarbon analyses genuinely attest to a slow phase of uplift. This longer time span is shown by the
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range in radiocarbon determinations and calibrated age ranges for dated samples from this level. The second is that there are problems with some of the radiocarbon measurements such as contamination. Further research is required to resolve which, if either, of these alternatives is correct, or whether there are other explanations.
We estimated the span of time which is represented by the radiocarbon determinations within the parameters b 8 to a 8 ('sea level 1') as 1 to 137 years (68% probability), with 10 years the highest probability. This suggests that the radiocarbon data from this level are in close agreement and supports the interpretation that the marine organisms which were radiocarbon-dated ceased metabolising within a very brief span of time. This might be considered consistent with a sudden uplift event rather than a longer term changes, although in terms of radiocarbon precision it is not possible to quantify such potential brevity.
One question which arises concerns the effect on the posterior distributions of the large DR standard deviation (±85 yr). We tested this effect by running subsequent iterations using a standard deviation of ±0 and noted similar results to those obtained with the larger value, which suggests our results are robust and that the effect of this large uncertainty is not significant.
We also determined the elapsed time span between the establishment of each change in relative sea level. In other words, we wanted to know how much time elapsed between the changes in the relative sea levels in western Crete. The results are also listed in Table 4 .
Finally, we determined the probability associated with specific calendar years being contained in the range a 8 -b 8 to ascertain whether AD 365 was associated with a higher probability of being the event date for the uplift. In Table 6 , we show the results of this analysis. Also shown are the calculated probabilities associated with
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other known historic earthquakes. AD 365 yields a probability of 0.11 of being contained within the range a 8 -b 8 . In other words, there is a 1 in 10 chance of 365
AD being the year of this event. Other historic events yield a higher probability, for example the earthquake attested at Gortyn in AD 560 has a probability of 0.4, or a 4 in 10 chance. The period AD 480-500 corresponds to the highest levels of probability (c. 0.65). It is also possible of course that the major uplift, which did not affect central Crete, has not been detected in the archaeological record. 48 The recalibration of radiocarbon dates corresponding with uplifted relative sea-level events in the late Holocene results in age ranges which are more recent than previously estimated. In particular, the creation of sea level 1 must be dated not to AD 365, but to AD 480-500 (0.65 probability).
THE RECALIBRATED DATES IN SPHAKIA
The recalibrated age of the establishment of the present-day sea level can now be correlated with other data for Sphakia. The Stadiasmus Maris Magni, a manual of probably second century AD date listing places where ships could put in to shore, includes three sites in Sphakia: Poikilasion, Tarrha and Phoinix (330-1, GGM i. 508-9).
49
The first two are said to have just landing places (o3 rmov), but Phoinix to have a harbour (limh& n). If the tectonic uplift were coseismic, it would have damaged or destroyed many buildings, and coastal constructions could be seriously affected by possible associated tsunami. At Phoinix we have observed some remains on the east side of the peninsula that may have been damaged in an earthquake, but we have not observed signs of massive damage. However, we have already suggested that the tectonic uplift was not necessarily associated with a catastrophic earthquake, and the
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significant changes may be those associated with changes in the coast line. Relevant evidence from all three coastal sites has been collected by our surface survey.
Poikilasion (FIG. 9; PLATE 1) The observation of the Stadiasmus about Poikilasion, at the mouth of the Trypiti Gorge, apparently predated the latest great uplift, when there was still probably a small beach extending inland some 20 m or so. As Spratt notes, there would have been 'a narrow and well-sheltered inlet or creek, expanding immediately within its entrance, which would then form a natural harbour without any artificial aid'. Now boats cannot beach, and one has to disembark with some difficulty offshore. 
52
We wonder if this was a fortification wall or a sea wall. The towers suggest fortification, but the wall runs round graves of the Greek and Roman periods, and it is unusual to defend graves in this way. In addition, at the west edge of the site the wall appears to terminate abruptly at a small cliff which would not deter any human foe. On the south part of the site there is a doubly undercut cliff, ca 6m high, which shows two raised beaches, at heights of 2.50 m and 6 m, and above the top of the cliff is a surf zone stopping some 5 m (horizontally) short of the wall. Before the great uplift, which raised this section of the coast by 6 m, the wall would have been regularly in the surf zone (though the state of preservation of wall makes it difficult to be certain on this point).
The wall might have been designed to protect the site from the sea, and then maybe became redundant after the uplift.
Tarrha as a settlement, like Poikilasion, seems little affected by the uplift. The pottery from the part of the site east of the gorge river continues through Late Roman; though most of the datable material is fourth-fifth centuries, some could be sixth or even seventh century. Two basilicas existed at Tarrha. The first, underneath a Medieval church on the west side of the river, has a mosaic which is probably sixth century. 53 The other, on the east side of the river, was probably built after the uplift, because its footings would otherwise have been almost at sea level and inundated during storms.
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Further east, at Phoinix (Loutro), where the uplift amounted to ca 4 m, there was a shallow-water harbour on the west side of the peninsula. As is stated by Ptolemy (iii.
17. 3), writing in the second century AD, a harbour of Phoinix was to the west of the town of Phoinix. Because of the problem of clearance of rocks at the mouth of the harbour, it could take vessels with a draught of 2 m or less. Now, only spray from seawater reaches this elevated area during winter storms.
Phoinix was especially prosperous in the Roman-Late Roman periods (Sphakia Survey Site no. 5.11; photographs on website, n. 16). The area in use in the Classical and Hellenistic periods was limited to part of the southern section of the peninsula; in Roman-Late Roman times the area in use was both larger and more intensely exploited. By contrast, the main site of Anopolis, on the ridge 600 m above Phoinix, which had been the major site of the region from Archaic times onwards, was abandoned in the late Hellenistic period.
54
This pattern, of inland and upland sites giving way to settlements down on the coast in the Roman period, is familiar elsewhere on Crete and the Mediterranean. Phoinix continued to flourish after the uplift. The loss of the shallow west harbour was perhaps not very significant overall. The use of the western area changed after the uplift, probably in the Late Roman period, with the building of two wells and three cisterns (Sector D). As there was no further building here, the water was presumably for arable or pastoral purposes. Instead, the focus of the peninsula
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was increasingly on the east. The deep-water east harbour remained the only winter harbour on the south coast of Crete, and the amount of beach available there was actually enlarged by the uplift. The rich ceramic evidence from the peninsula runs right through Late Roman (into the sixth and seventh centuries) with no visible hiatus.
No fewer than five Late Roman basilicas are known at this site, mostly in the eastern half of the peninsula (Sectors A and B). Some building damage may be visible on the east side of the peninsula, where part of a bath building slid down the slope, but the most dramatic tectonic event of historic times seems not to have had long-term consequences for the settlement.
CONCLUSIONS
The importance of collecting and analysing environmental (as well as archaeological, documentary, and local) evidence as part of the work of archaeological projects is clear. Unless basic information for changes in sea-level is reliably collected and dated, it is not possible to reconstruct the sequence of human occupation within a wider landscape.
We have used a Bayesian approach and new calibration data to examine the chronology of important episodes of relative sea-level uplift in western Crete, in order to make a historic assessment of their impact. The new 14 C calibrations suggest that the latest episode of allegedly coseismic activity, the so called 'Early Byzantine
Tectonic Paroxysm', occurred somewhat later than previously thought. Single calibrated radiocarbon ages yield wide calendar ages. A re-analysis of the radiocarbon dates using a Bayesian approach suggests that the highest probability for the date of this critical event is associated with a later date (around AD 480-500), rather than AD 365, as previous scholars have suggested. Laborel et al. 1979: no.46) Akr. Plaka + 4.25 m (Laborel et al. 1979: no.47; : no.47, MC2106, 1980 Kourta + 4.40 m (Laborel et al. 1979: no.48; : no.48, MC2107, 2030 Karavopetra + 4.40 m (Laborel et al. 1979: no.49) (Laborel et al. 1979: no.50; : no.50, MC2108, 2080 University of Belfast) for providing a pre-publication copy of their paper (n. 27) and new known age shell radiocarbon data from the Mediterranean. Dr Caitlin Buck
